Background: The rise in serum ferritin levels among US maintenance hemodialysis patients has been attributed to higher intravenous iron administration and other changes in practice. We examined ferritin trends over time in hemodialysis patients and whether iron utilization patterns and other factors [erythropoietin-stimulating agent (ESA) prescribing patterns, inflammatory markers] were associated with ferritin trajectory. Methods: In a 5-year (January 2007-December 2011) cohort of 81 864 incident US hemodialysis patients, we examined changes in ferritin averaged over 3-month intervals using linear mixed effects models adjusted for intravenous iron dose, malnutrition and inflammatory markers. We then examined ferritin trends across strata of baseline ferritin level, dialysis initiation year, cumulative iron and ESA use in the first dialysis year and baseline hemoglobin level. Results: In models adjusted for iron dose, malnutrition and inflammation, mean ferritin levels increased over time in the overall cohort and across the three lower baseline ferritin strata. Among patients initiating dialysis in 2007, mean ferritin levels
Intravenous (IV) iron is one of the most important pharmacotherapies used to treat anemia in CKD patients, and studies have shown that its utilization has substantially increased in most countries over time [5] [6] [7] . These trend reports have also shown that serum ferritin levels have concurrently increased over time [5, 6] .
Since publication of the 2006 Kidney Disease Outcomes Quality Initiative (KDOQI) Anemia Guidelines, the practice of anemia management has substantially changed in the USA [8] . In 2012, the Kidney Disease Improving Global Outcomes (KDIGO) group issued updated guidelines on anemia management incorporating some of these changes, which includes consideration of hemoglobin levels when determining the dose of IV iron administration [4] . In parallel with these changes, the United States Renal Data System (USRDS) Annual Data Report showed that mean serum ferritin levels remained stable at $600 ng/mL from 2001 to 2006, but rose to 800 ng/mL in 2011 in prevalent maintenance hemodialysis (HD) patients [9, 10] . In addition, Dialysis Outcomes and Practice Patterns Study (DOPPS) data have also shown that median serum ferritin levels rose from 561 ng/mL in 2010 to 794 ng/mL in 2012 in maintenance HD patients [11] . However, to date, no studies that have examined trends in serum ferritin levels in HD patients have accounted for changes in IV iron dosing over time, nor focused specifically upon incident HD patients. To address this knowledge gap, this study aimed to investigate changes in serum ferritin levels over time in a contemporary cohort of incident HD patients who were followed for up to 5 years over the period [2007] [2008] [2009] [2010] [2011] . We sought to examine serum ferritin level trends over time in HD patients and whether IV iron utilization patterns, other secular changes in practice [e.g. erythropoietinstimulating agent (ESA) administration] and patient characteristics (e.g. inflammatory status) were associated with serum ferritin trends.
M A T E R I A L S A N D M E T H O D S

Source cohort
We conducted analyses using administrative data from all incident HD patients who initiated dialysis over the period 1 January 2007-31 December 2011 in the outpatient dialysis facilities of a large dialysis organization. From January 2007 to December 2011, 208 820 patients initiated dialysis treatment. After excluding patients <18 years of age or those who received <60 days of thrice-weekly HD treatment at the time of study entry (first quarter of serum ferritin measurement), 133 156 incident HD patients remained. After excluding patients with missing sex information and missing baseline ferritin information, the final study population consisted of 81 684 incident HD patients (Supplementary data, Appendix Figure S1 ). The study was approved by the International Review Committees of the University of California, Irvine, Los Angeles Biochemical Research Institute at Harbor-UCLA and the University of Washington. Given the large sample size, anonymity of the patients studied and nonintrusive nature of the research, the requirement for written consent was exempted.
Demographic and clinical measures
The construction of the cohort has previously been described [12] . Patients' follow-up time was divided into 91-day intervals (patient quarters) from the time of the patients' first dialysis treatment. To minimize measurement variability, all repeated measures for each patient during any given patient quarter (i.e. 13-week intervals) were averaged and summary estimates were used in all models. Information on race/ethnicity, primary insurance, access type and the presence of diabetes at baseline were obtained from the large dialysis organization database. The following 16 coexisting comorbidities were considered: diabetes, hypertension, cystic kidney disease, autoimmune disease, dyslipidemia, chronic obstructive pulmonary disease, liver disease, atherosclerotic heart disease, other cardiac disease (pericarditis and cardiac arrhythmia), congestive heart disease, cerebrovascular disease, malignancy, thyroid disorders, human immunodeficiency virus, substance use and alcohol dependence.
Laboratory measures
Blood samples were drawn using standardized techniques in all dialysis clinics and were transported to a central laboratory in Deland, FL, USA, typically within 24 h. Most laboratory values were measured monthly, including serum creatinine, albumin, hemoglobin, platelet count, peripheral white blood cell count, lymphocyte percentage, total iron binding capacity (TIBC), calcium, phosphorus, bicarbonate and alkaline phosphatase. Serum intact parathyroid hormone (PTH) and ferritin levels were usually measured at least once during each calendar quarter. Most blood samples were collected before dialysis, except for postdialysis blood urea nitrogen to calculate urea kinetics. The normalized protein catabolic rate was measured monthly as an indicator of daily protein intake. Dialysis dose was estimated by single-pool Kt/V using the urea kinetic model. The 3-month-averaged values during the first quarter of dialysis treatment were used as baseline values to address measurement variability in laboratory parameters. We categorized patients into four strata according to baseline serum ferritin level: <200, 200-<500, 500-<800 and !800 ng/mL.
Statistical methods
Baseline characteristics across the four strata of baseline ferritin were summarized as proportions, means 6 SD or medians (interquartile ranges). Changes in ferritin over time (over a period of up to 20 patient-quarters) were examined in 81 684 patients who had serum ferritin measurements from at least 3 patient-quarters. To estimate predictor variables associated with predicted serum ferritin levels versus time, we used linear mixed effects models [13] . We included fixed effect terms for patient calendar quarter of dialysis initiation, as well as casemix and malnutrition-inflammation-cachexia syndrome (MICS) covariates. Case-mix covariates included age, sex, race/ ethnicity, diabetes mellitus, primary insurance, vascular access type and single-pool Kt/V as well as the 15 underlying comorbidities described above (see Demographic and clinical measures). MICS variables included 12 surrogates of nutritional and inflammatory status: serum creatinine, hemoglobin, albumin, Denotes the iron dose relative to the median dose of the overall cohort.
peripheral white blood cell, lymphocyte percentage, TIBC, calcium, phosphorus, bicarbonate, intact PTH, body mass index and normalized protein catabolic rate. In sensitivity analyses, we incrementally adjusted for IV iron dose as well as ESA dose.
To account for the within-patient correlation of these laboratory measurements over time, we included a random effects term of patient quarter. The models were fit using MIXED in STATA MP version 13.1 (StataCorp, College Station, TX, USA). To address potential biases due to right censoring, ferritin slopes over patient time (D ng/mL/quarter) were estimated in the overall cohort as well as among a subcohort of patients who survived the first year of dialysis. Trends in serum ferritin were examined across strata of year of dialysis initiation, cumulative IV iron and ESA utilization in the first year of dialysis and baseline hemoglobin level.
R E S U L T S
Study population Table 1 shows the baseline characteristics of the overall cohort and across strata of baseline serum ferritin category (<200, 200-<500, 500-<800 and !800 ng/mL). Patients whose baseline ferritin was in the highest category (!800 ng/mL) were more likely to be female and were less likely to be white or Hispanic; had a lower prevalence of diabetes, congestive heart failure, hypertension, atherosclerotic heart disease, cystic kidney disease and dyslipidemia; had higher PTH and serum phosphorus levels and had lower serum calcium, hemoglobin and TIBC levels. Patients whose baseline ferritin was in the lowest category (<200 ng/mL) tended to have more favorable markers of nutritional and inflammatory status (e.g. higher serum albumin, creatinine and normalized protein catabolic rate).
Ferritin trends according to baseline ferritin strata
Across the four categories of baseline serum ferritin, ferritin levels increased in parallel over time in models adjusted for case-mix þ MICS covariates as well as those incrementally adjusted for IV iron (Figure 1 ) and ESA dose (Supplementary data, Appendix Figure S2 ). The mean change in serum ferritin level per quarter following dialysis initiation (designated as 'patient-quarter') was 29.7 [95% confidence interval (CI) 29.2-30.2], 32.9 (95% CI 32.4-33.5) and 19.4 (95% CI 18.4-20.5) ng/ mL/patient-quarter among patients whose baseline ferritin levels were <200, 200-<500 and 500-<800 ng/mL, respectively. However, among patients whose baseline ferritin was !800 ng/ mL, mean ferritin levels initially decreased over time: À7.5 (95 % CI À9.6 to À5.3) ng/mL/patient-quarter. Among these patients, the mean serum ferritin level decreased from 1133.8 (95% CI 1125.6-1141.9) ng/mL in the first patient-quarter to 847.0 (95% CI 838.6-855.4) ng/mL in the third patient-quarter. From the fourth patient-quarter onward, serum ferritin levels increased over time as observed in the rest of the baseline ferritin strata. Overall slopes of mean ferritin level changes per patient-quarter were similar in the overall cohort versus those who survived the first year of dialysis (24.4 versus 24.0 ng/mL/ quarter; Supplementary data, Appendix Table S1 ).
Ferritin trends according to year of dialysis initiation
To further evaluate secular changes in ferritin level over time, all patients were then stratified according to their year of dialysis initiation. The baseline characteristics of patients according to dialysis initiation year are shown in Supplementary data, Appendix Table S2 . Among these subgroups there were no significant differences in age, sex or race/ ethnicity, except in the proportion of Asians. Baseline mean ferritin levels were incrementally higher with each subsequent year of dialysis initiation: 387.8 (95% CI 376.4-399.2), 391.8 (95% CI 385.7-397.9), 405.0 (95% CI 397.7-412.3) and 413.9 (95% CI Figure 2B concomitantly shows the trajectory of ferritin level and the prevalence of IV iron use among patients who initiated HD in 2007. Among these patients, the prevalence of IV iron use exceeded 80% in the first year of HD and fell to <80% from the second year to the first half of their fourth year of HD. From the second half of their fourth year of HD, the frequency of IV iron use again rose to >80% and remained elevated for 1 year. During periods of higher IV iron use, there was a steeper rise in mean ferritin level over time except in the fifth year of HD.
Ferritin trends according to IV iron and ESA utilization
We examined the trajectory of ferritin levels over time among patients divided into four strata of cumulative IV iron utilization during their first year of dialysis, defined as no IV iron use versus the lowest, middle and highest tertiles of cumulative IV iron use (T1, T2 and T3, respectively). Figure 3 shows that the mean serum ferritin levels increased over time across all three groups prescribed IV iron, with steeper rises observed in those with higher IV iron utilization. In contrast, mean serum ferritin levels gradually decreased over time in the no iron group: À78 (95% CI À108.1 to À49.1) ng/mL/patient-quarter after adjustment for case-mix þ MICS covariates.
We also evaluated changes in serum ferritin over time among patients divided into four strata of cumulative ESA dose during the first year of dialysis, divided into quartiles. Notably, we observed that only 94 patients in the cohort had not received ESA in the first year of dialysis. Given the small sample size, the non-ESA users were included in the lowest quartile of ESA use.
We observed that serum ferritin levels increased over time in the first year of dialysis across all ESA strata (Supplementary data, Appendix Figure S3 ). However, compared with the highest ESA quartile, there was a sharper rise in ferritin during the first to second quarter in the three lowest ESA quartiles.
Ferritin trends according to baseline hemoglobin level
We also examined serum ferritin trends over time among patients divided by baseline hemoglobin levels (<9, 9-<10, 10-<11, 11-<12 and !12 g/dL). In models adjusted for casemix þ MICS covariates as well as IV iron and ESA dose, we observed that patients with baseline hemoglobin levels <9 g/dL had comparatively higher baseline serum ferritin levels compared with all other baseline hemoglobin categories (600 versus $350-400 ng/mL, respectively) (Supplementary data, Appendix Figure S4 ). However, serum ferritin levels increased over time at similar rates across all baseline hemoglobin strata.
D I S C U S S I O N
Among a contemporary cohort of >80 000 incident HD patients who were followed for up to 5 years, we found that serum ferritin levels increased sharply in the first year of dialysis treatment followed by more gradual increases from the second year of HD onwards. In analyses stratified by baseline ferritin level, serum ferritin levels rose over time across all subgroups except for those whose ferritin levels were !800 ng/mL. In analyses stratified according to year of dialysis initiation, those who started dialysis in 2007 experienced a particularly sharp increase in mean serum ferritin over the course of the first year of HD (56.4 ng/mL/year) compared with the second year of HD (13.7 ng/mL/year) in case-mix þ MICS-and IV iron-adjusted models. We additionally observed that serum ferritin levels rose over time across strata of IV iron use, ESA dose and baseline hemoglobin levels.
Epidemiologic data have shown that from 2001 to 2006, mean serum ferritin levels remained stable at $600 ng/mL in US patients on maintenance HD [10, 14] . In 2006, KDOQI anemia guidelines recommended that serum ferritin and iron saturation levels be maintained at >200 ng/mL (with previous KDOQI guidelines recommending a threshold >100 ng/mL) and >20% (similar to prior KDOQI guidelines), respectively, in maintenance HD patients, with the stipulation that there is insufficient evidence for routine IV iron if ferritin is !500 ng/ mL [8] . However, following publication of these guidelines, mean serum ferritin levels among prevalent HD patients in the USA rose from 586 ng/mL in 2007 to $850 ng/mL in 2012 [14] . In our study, we observed comparatively lower mean serum ferritin and iron saturation levels in our cohort measured at baseline: 268 ng/mL and 22.9%, respectively. Our study also showed that serum ferritin levels began to increase sharply during the first year of HD treatment compared with subsequent years of HD. This increase in ferritin occurred in parallel with the higher prevalence of IV iron use observed during the first versus second year of HD treatment among patients who initiated dialysis in 2007. The increase in serum ferritin over time from the start of maintenance HD therapy did not attenuate over the 5 years of follow-up. 
mentation as well as an upper ferritin bound (serum ferritin <500 ng/mL) for iron supplementation in HD patients [4] . The Dialysis Patients' Response to IV Iron with Elevated Ferritin I and II trials have previously demonstrated the efficacy of IV iron in reducing ESA dose and improving hemoglobin response in HD patients with ferritin levels >500 ng/mL and iron saturation 25% [15] . However, given the select population of randomized controlled participants, it is unclear whether these findings are generalizable to the greater US HD population. With regards to safety considerations, a recent observational study observed that although IV iron was not related to allcause and cardiovascular mortality, it was indeed associated with a trend towards higher infection-related death risk [16] . In another large cohort study, IV iron administration >400 mg/ month was associated with higher mortality in maintenance HD patients [17] . In our cohort, we observed that IV iron was administered in 86 and 56% of patients with baseline serum ferritin levels of 500-<800 ng/mL and >800 ng/mL at the start of dialysis. At this time, further studies are needed to determine the target serum ferritin ranges and IV iron doses associated with optimal survival in well-characterized observational cohorts of maintenance HD patients with long-term follow-up.
In our study, among patients who initiated dialysis in 2007, serum ferritin levels sharply rose in the first year of HD and thereafter exhibited a more gradual increase in subsequent years, although serum ferritin levels increased somewhat more sharply again in the fifth year of dialysis. It has been suggested that upward trends in serum ferritin levels may be due to more conservative hemoglobin targets and ESA prescribing patterns and disincentives to administer expensive intradialytic medications, leading to greater IV iron administration [18] . It has also been suggested that lower hemoglobin targets may result in a greater proportion of iron being transferred from the erythrocyte to storage tissues. Without any changes in IV iron, it would have been expected that storage iron would have increased and serum ferritin would have increased. For example, following publication of the CREATE, CHOIR and TREAT studies demonstrating the toxicities of higher hemoglobin targets with ESA administration [19] [20] [21] , the US Food and Drug Administration issued warnings in June 2011 of the risks of ESA overuse and recommended that ESAs only be initiated when hemoglobin is <10 g/dL in CKD patients [22] . In January 2011, the Centers for Medicare and Medicaid Services implemented the ESRD Prospective Payment System, a 'bundled' case-payment method to reduce utilization of high-cost medication like ESAs in outpatient dialysis centers [23] . These changes may have contributed to greater use of IV iron use in lieu of ESAs, from 61% in August 2010 to 73% in April 2011 [24] . However, since August 2011, IV iron use has declined steadily to 62% by the second half of 2012, as in prior years [9] . International data show similar practice pattern changes, and in a Swedish study of dialysis patients, it was shown that the frequency of ESA administration and mean ESA dose declined over the period of 2006-12 (coincident with release of the KDOQI and KDIGO anemia guidelines, respectively) [18] . In addition, patients without ESA use had greater iron utilization over time, and those who received the lowest ESA doses tended to have the highest serum ferritin levels in the first year of dialysis. Notably, our study demonstrated that serum ferritin levels increased over time in dialysis patients even after accounting for ESA dose through multivariable adjustment and stratification. However, in the ESA-stratified analyses, we did observe a sharper rise in ferritin during the first to second quarter in the three lowest ESA versus highest ESA strata. In analyses stratified by baseline hemoglobin level, while baseline ferritin levels were higher in the lowest hemoglobin versus higher hemoglobin categories, serum ferritin levels increased at similar rates across all hemoglobin strata independent of case-mix þ MICS covariates, IV iron and ESA dose.
Ferritin is the representative protein that stores and releases iron [25] . While lower serum ferritin levels typically indicate iron deficiency, higher levels may represent both iron overload as well as the presence of malnutrition and inflammation complex syndrome [21, 26] . In a recently published randomized trial, 75% of patients randomized to the high ferritin group maintained target ferritin levels of 400-600 ng/mL throughout the 56-week study period after receiving only four doses of IV iron [27] . DOPPS data have also shown that IV iron use increased from 57 to 73% and that median serum ferritin increased from 561 to 794 ng/mL from August 2010 to December 2012 [11] . However, there were interval differences between the increase in IV iron use and increases in serum ferritin. Even if IV iron doses rose sharply at the end of 2010 and remained elevated for 1 year, serum ferritin levels had already begun to rise sharply in mid-2010 before increases in IV iron dose, and remained high >1 year after reduction in IV iron doses [28] . This discrepancy between iron dose and serum ferritin levels was observed in national data collected in England as well [29] . There are limitations in accurately determining the distribution of iron and the degree of iron overload in dialysis patients [14] . To assess iron load in dialysis patients, liver biopsy, bone marrow staining or liver iron measurement using magnetic resonance imaging may be considered, but their use remains limited in routine clinical practice [1, 28] . The 2012 KDIGO Anemia Guidelines recommend considering the patients' clinical status as well as serum ferritin and iron saturation levels when iron treatment is prescribed [4] . In our study, we observed that trends in serum ferritin level correlated with patterns of IV iron use over time. However, we also observed that serum ferritin levels rose over time after adjusting for IV iron use and MICS covariates and that there was an upward trend in ferritin levels even during periods of reduced IV iron use. Taken together, these data suggest that serum ferritin trends are not purely influenced by the load of administrated IV iron or malnutrition/inflammatory markers, and further studies of the determinants of iron parameter trends in HD patients are needed.
There are several strengths of our study. To our knowledge, this is the first study examining trends in serum ferritin and IV iron administration over time using time-dependent multilevel linear mixed models. In addition, this study was conducted in a contemporary cohort of incident HD patients, allowing us to examine changes in serum ferritin during the first several years after dialysis initiation.
Our study also has several limitations. First, although many potential confounders were accounted for, C-reactive protein as an inflammatory marker used to better ascertain functional iron deficiency was not included. However, we did account for a number of inflammatory markers, including serum albumin, peripheral white blood cell count and lymphocyte percentage [29] [30] [31] , and adjusted for IV iron dose as a more direct modulator of iron stores. Second, we lacked data on certain factors that may have influenced the serum ferritin trajectory, such as the timing of IV iron administration relative to the timing of serum ferritin measurement, as well as receipt of blood transfusions. Third, while the bundled case-payment method was implemented in January 2011, our study examines data collected over the period of 1 January 2007-31 December 2011 and thus examines only 1 year of data in the postbundling era. While it is possible that there were changes in the practice patterns involving ESA dosing and hemoglobin targets prior to January 2011 in anticipation of implementation of the bundling policy, further studies examining serum ferritin trends in more contemporary cohorts are needed. In addition, the number of patients who were followed decreased over time due to events such as kidney transplantation, transfer to a nonaffiliated dialysis center, regain of renal function and death. However, our comparison of ferritin trajectories among patients in the overall cohort versus those who survived at least 1 year after dialysis showed similar slopes over time.
In conclusion, our study showed that serum ferritin levels increased in parallel among all patients irrespective of year of dialysis initiation, suggesting that these trends may be independent of changes in practice patterns over time. Serum ferritin levels increased sharply during the first year of HD treatment compared with subsequent years of HD independent of treatment-related factors such as IV iron utilization, and these trends were robust even after adjustment for sociodemographics, comorbidities and markers of malnutrition and inflammation. At this time, further observational studies are warranted to comprehensively determine the factors that influence trends in other anemia markers and iron parameters over time and their implications on outcomes in HD patients.
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